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(Received 9 December 2014; accepted 6 July 2015; published online 29 July 2015)
A new high quality potential energy surface is calculated at a coupled-cluster single double triple
level with an aug-cc-pV5Z basis set for the HCS+–He system. This potential energy surface is used
in low energy quantum scattering calculations to provide a set of (de)-excitation cross sections and
rate coefficients among the first 20 rotational levels of HCS+ by He in the range of temperature
from 5 K to 100 K. The paper discusses the impact of the new ab initio potential energy surface
on the cross sections at low energy and provides a comparison with the HCO+–He system. The
HCS+–He rate coefficients for the strongest transitions differ by factors of up to 2.5 from previous
rate coefficients; thus, analysis of astrophysical spectra should be reconsidered with the new rate
coefficients. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926839]
I. INTRODUCTION
Ion-molecule interactions play an important role in the
chemistry and evolution of the interstellar medium. Astro-
physical observations of molecular ion transitions lead to a
knowledge of local physical conditions and help to constrain
evolutionary chemical models. These observations and their
interpretation require knowledge of spectroscopic information
such as transition frequencies, Einstein coefficients, as well as
information on the conditions of excitation of the transitions
by the local most abundant perturbers. While the spectroscopic
information is enough to interpret spectra in local thermal
equilibrium (LTE) media, the collisional information is indis-
pensable in non-LTE media (i) to convert an observed signal
into a species column density and, therefore, abundance, and
(ii) to constrain the density and temperature of the emitting or
absorbing gas.
The present study focuses on the collisional rotational
excitation of the thyoformyle ion HCS+which is one precursor
of the carbon monosulfide CS molecule, CS being one of the
abundant sulfur molecule in the interstellar medium, and there-
fore one of the key species for understanding sulfur chemistry
along with SO and SO2, depending on the environment. Indeed,
the abundances of the three species are rather similar in dense
molecular clouds.1 In massive protostellar envelops, CS is far
more abundant,2 and in low mass protostellar envelops,3 CS
rather lies in the external part of the cold envelop while SO,
SO2 rather are in the internal warm part. In shock regions,4
CS is on average less abundant than the two other species. It
should be pointed out that the chemistry of sulfur is far from
being understood from both the observational and the chemical
modelisation points of view.
HCS+ was first detected in the Orion nebula5 and the
rotational transitions of HCS+ have been observed for rota-
tional quantum numbers up to j = 8 for temperatures below
100 K where the most abundant perturbers are He and H2.6–8
Those astrophysical studies used the collisional rate coeffi-
cients calculated by Monteiro9 for the collision of HCS+ with
He, either directly for collisions with He or scaled by the
reduced mass factor in order to mimic the collisional excitation
of HCS+ by H2.
Because of the Herschel satellite and the Atacama
Large Millimeter/sub-millimeter Array (ALMA) interfer-
ometer which have increased the quality of astrophysical
millimetric observations of the interstellar medium, many
new collisional studies have been carried out in the past
10 yr including ionic systems.10 The rotational excitation of
the HCS+ isovalent ions HCO+ and N2H+ has been studied
in collision with He,11–14 and recently with p-H2.15–17 The
current study aims to study and update the HCS+–He rate
coefficients for the first 20 levels of HCS+ in the range
of temperature from 5 K to 100 K. Because of the small
number of degrees of freedom of the collisional system, it
is possible to explore in detail the influence of the angular
representation of the potential energy surface (PES) on the
collisional excitation cross sections and rate coefficients, and
to carry out several scattering calculations with different PESs
in order to finely compare the new results with the previous
results of Monteiro.9 As our new potential energy surface
impacts strongly the rate coefficients, which is not a feature
found for the HCO+–He system reviewed by Buffa et al.,12
we explore the link between the PES and the dynamics for
both systems.
The paper starts with a section describing the new poten-
tial energy surface and its fit to a Legendre polynomial expan-
sion. This is followed by a section providing our new rate
coefficients obtained with our best fit of the PES. The final
part of that section analyzes the low energy behavior of the
cross sections with respect to the PES for both HCS+–He and
HCO+–He, in order to understand the origin of the differences
of our new HCS+–He rate coefficients from the previously
published results.
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II. AB INITIO POTENTIAL ENERGY SURFACE
AND ITS REPRESENTATION
A. The ab initio calculations
Our potential energy surface models the interaction of an
atom with a rigid linear triatomic molecule. Indeed, the thio-
formyle ion HCS+ is a linear molecule with a bending funda-
mental around 766 cm−1,18 and the study of ro-vibrational
excitation of HCN by He19 showed that the bending of HCN,
with a bending fundamental around 712 cm−1, can be safely
neglected for rotational excitation at low to moderate temper-
ature. In addition, the study of the rotational excitation of N2H+
by He13 showed that the adiabatic decoupling approximation
two-dimensional PES corrected for the influence of the ν1
(mainly NH-local mode) stretching vibration20 gave rotational
de-excitation rate coefficients differing by only about 3%-4%
from rate coefficients obtained with a rigid two dimensional
PES.
The present work uses a Jacobi coordinate system in which
R is the length of the vector (i.e., the distance) from the center
of mass of HCS+ to the He atom and θ is the polar angle
of the HCS+ molecule with respect to this vector, where θ
= 0◦ corresponds to the H atom pointing towards the He atom.
The distances r0(HC) = 1.0788 Å and r0(CS) = 1.480 06 Å are
the experimental ground vibrational state values of Margules
et al.21
Ab initio calculations are carried out using the MOL-
PRO program22 at the coupled-cluster single double triple
(CCSD(T)) level of theory and basis set superposition er-
ror (BSSE) is treated using the counterpoise correction ap-
proach.23,24 For characteristic geometries of the system, we
checked the influence of using different basis sets and calcu-
lated the ab initio values with basis sets varying from the aug-
cc-pVDZ to the aug-cc-pV5Z basis sets, including or not the
so-called 33 221 bond functions of Cybulski et al.25 The inclu-
sion of bond functions is known to significantly increase the
rate of convergence of the intermolecular interaction energy
with respect to the basis size, particularly for the short range
of dispersion energies. Nevertheless, Burcl et al.26 have shown
that for neutral van der Waals systems, electrostatic correlation
may be severally distorted by bond functions and that this
distortion is strongly dependent on the location. Since for
ionic systems the dispersion energy is much smaller than the
electrostatic interaction, it is worthwhile to check the influence
of bond functions. In Table I, we see that for the very negative
part of the PES, the aug-cc-pVQZ+33 221, the aug-cc-pV5Z,
and the aug-cc-pV5Z+33 221 basis sets give converged results
within 1% of each other, and that the low energy repulsive part
at θ = 4.5◦ is better converged with an aug-cc-pV5Z basis set
(with or without bond functions). Next, we investigated the
effect of the bond functions location by positioning the bond
functions at the mid-point of the sulfur helium distance instead
of the usual mid-distance between the centers of mass and
found the effect to be negligible for all basis sets apart from
the aug-cc-pVDZ+33 221.
In addition, we extrapolated our ab initio potential energy
points, obtained using the aug-cc-pVXZ basis sets with and
without bond functions, to the complete basis set (CBS) limit,
with the law27
EX = ECBS + A X−3, (1)
where EX is the ab initio calculated energy, ECBS is the CBS
limit energy, and X on the right hand side is understood to be
the cardinality of the basis set, i.e., X = 3,4,5 for the T, Q, 5
basis sets, respectively. We first used this law through the 2
point extrapolation, using the formula28
ECBS =
EXX3 − EYY 3
X3 − Y 3
, (2)
where Y = X − 1, applied to the cases Y = 3, X = 4, which
we denote CBS1, and Y = 4, X = 5, denoted CBS2. We also
applied Eq. (1) via a fit to the X = 3,4,5 energy points, denoted
TABLE I. Convergence of the CCSD(T) ab initio calculations with basis set. All energies are in cm−1 and distances in bohr. The avXz notation stands for
aug-cc-pVXZ and “-b” for the addition of 33 221 bond functions of Cybulski et al.25 located at the mid-point of the van der Waals bond.
R avDz avDz-b avTz avTz-b avQz avQz-b av5z av5z-b
θ = 4.5◦
6.8 1008.621 883.926 842.089 826.463 810.703 808.391 802.255 801.637
7.2 266.868 190.140 161.854 151.281 144.102 142.795 139.885 139.526
8.2 −111.304 −119.082 −130.876 −134.133 −135.540 −136.029 −136.293 −136.383
10.0 −51.664 −47.893 −49.755 −49.664 −49.885 −50.122 −50.043 −50.229
20.0 −1.297 −1.289 −1.318 −1.320 −1.326 −1.327 −1.324 −1.326
θ = 51.6◦
6.8 −90.054 −105.795 −99.149 −106.097 −103.529 −106.668 −105.334 −106.718
7.2 −88.448 −95.163 −92.473 −96.498 −94.640 −96.793 −95.656 −96.737
8.2 −57.640 −56.468 −58.547 −59.096 −58.615 −59.318 −58.764 −59.252
10.0 −23.116 −23.146 −23.518 −23.287 −23.438 −23.406 −23.366 −23.417
20.0 −1.086 −1.079 −1.102 −1.102 −1.107 −1.108 −1.106 −1.107
θ = 152◦
6.8 −84.089 −98.423 −92.025 −99.160 −96.446 −99.750 −98.515 −100.139
7.2 −81.706 −88.026 −84.788 −88.998 −86.931 −89.176 −88.111 −89.333
8.2 −50.790 −49.568 −51.400 −52.102 −51.560 −52.228 −51.775 −52.273
10.0 −19.527 −19.388 −19.890 −19.617 −19.800 −19.766 −19.779 −19.817
20.0 −0.932 −0.926 −0.945 −0.945 −0.949 −0.950 −0.950 −0.951
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TABLE II. Complete basis set extrapolations of the CCSD(T) ab initio calculations based on the CBS1, CBS2,
CBS3 methods (see text). The “-b” data are extrapolated using the basis sets with bond functions located at the
mid-point of the van der Waals bond. All energies are in cm−1 and distances in bohr.
R CBS1 CBS2 CBS3 CBS1-b CBS2-b CBS3-b
θ = 4.5◦
6.8 777.77 793.39 790.19 789.43 794.55 794.92
7.2 125.47 135.46 132.99 133.89 136.09 136.38
8.2 −140.43 −137.08 −138.14 −138.02 −136.75 −137.13
10.0 −50.02 −50.21 −50.08 −50.60 −50.34 −50.40
20.0 −1.33 −1.32 −1.33 −1.33 −1.32 −1.33
θ = 51.6◦
6.8 −108.12 −107.23 −106.94 −107.26 −106.77 −106.95
7.2 −96.91 −96.72 −96.43 −97.10 −96.68 −96.87
8.2 −58.68 −58.92 −58.77 −59.55 −59.18 −59.35
10.0 −23.35 −23.29 −23.34 −23.53 −23.43 −23.46
20.0 −1.11 −1.10 −1.11 −1.11 −1.11 −1.11
θ = 152◦
6.8 −101.08 −100.68 −100.11 −100.37 −100.55 −100.34
7.2 −89.18 −89.35 −88.86 −89.36 −89.5 −89.39
8.2 −51.73 −52.00 −51.81 −52.36 −52.32 −52.32
10.0 −19.70 −19.75 −19.74 −19.92 −19.87 −19.87
20.0 −0.95 −0.95 −0.95 −0.95 −0.95 −0.95
CBS3. The results are shown in Table II, which shows that the
three methods give similar results in general, i.e., that most of
the data follow the law given by Eq. (1). Nevertheless, for some
geometries, the CBS1 extrapolation is not reliable. Compar-
ison of Tables I and II shows that the difference between our
aug-cc-pV5Z data and the CBS2-b and CBS3-b extrapolations
is around 1%-2% for all considered geometries. Therefore, we
have kept the aug-cc-pV5Z basis set to calculate the full ab
initio data in Secs. II B and II C.
These aug-cc-pV5Z ab initio calculations are carried out
from R = 4.5 bohrs to R = 20 bohrs with different step sizes:
0.05 bohrs up to R = 5 bohrs, increased to 0.1 bohrs up to
R = 6 bohrs, then a step of 0.2 bohrs up to R = 10 bohrs and
a final step size of 1 bohrs, leading to a total of 51 distances.
The angular grid corresponds to the 30 roots of the 30th or-
der Legendre polynomial, as explained in Section II B. We
calculated additional ab initio points between R = 6.8 bohrs
and R = 7.8 bohrs at θ = 0◦ and between R = 8.0 bohrs and
R = 8.35 bohrs at θ = 180◦, and used those points to find
the minima. Our ab initio potential energy surface, plotted in
Fig. 1, has two minima: a deep well of about 138.5 cm−1 at
θ = 0◦, R = 8.11 bohrs, and a shallow one of 99.85 cm−1 at
θ = 180◦, R = 6.84 bohrs.
B. The fit of our ab initio PES
1. The angular fit
As usual,13 for our quantum scattering calculations, we
develop the PES as a truncated Legendre polynomial expan-
sion,




Given the strong anisotropy of the potential, in order to
obtain an excellent angular fit, we calculated a 30 term Legen-
dre expansion, i.e., lmax = 29, at each of the 51 distances. At
each distance, we used Gauss-Legendre integration to calcu-
late the coefficients Vl(R), which imposes the choice of the
angular grid as the 30 roots of the 30th order Legendre polyno-
mial. As is well known, this method gives exact values (within
numerical precision) for the Vl(R) coefficients, provided the
true potential contains no terms higher than l = lmax. If this
is not the case, the calculated Vl(R) coefficients include errors
resulting from aliasing of the l > lmax terms. We believe this
aliasing is negligible in our calculations, except for the high
order coefficients at very short distances (see below).
In order to test the goodness of our angular fits, we
calculated 17 additional ab initio angular geometries, at θ =0◦,
FIG. 1. Contour plot of our ab initio potential energy surface. The thick
black line indicates the energy value −70 cm−1. Full lines (dashed lines) are
isovalues above (below) −70 cm−1, separated by 25 cm−1 (5 cm−1).
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TABLE III. RMS and average absolute percentage errors of the PES reconstructed by our 30 term Legendre
expansion (Eq. (3)) and its 8, 13, 15, and 20 term truncations (the nE and nTm notations are defined in the text),
for various distances R. The errors are calculated with respect to the 17 additional ab initio angular geometries
presented in the text. Distances are in bohr and energies in cm−1. In each case, the RMS error is given first,
followed by the average absolute percentage error in square brackets. The notation Y(-N) means Y×10−N . The
final column gives a measure of the anisotropy of the potential for each R, provided by the difference between the
maximum and minimum values of the ab initio PES, i.e., ani(R)= |Vmin(R)−Vmax(R)|.
R 8T30 13T30 15T30 20T30 30E ani(R)
4.5 1(+5)[73] 6000[40] 5000[39] 3000[20] 2000[3] 213 943
5.0 10 000[63] 438[15] 320[14] 140[5] 32[0.3] 58 911
5.5 244[203] 45[32] 27[20] 9[4] 0.9[0.1] 19 773
6.2 40[58] 3[4] 2[2] 0.22[1.8] 0.009[0.003] 4 207
6.8 9[35] 0.5[3] 0.2[0.3] 0.01[0.03] 2(−4)[8(−4)] 908
7.2 3[9] 0.2[0.4] 0.03[0.08] 0.001[0.003] 1(−4)[2(−4)] 250
10.0 0.3[0.3] 3(−4)[0.004] 1(−4)[0.001] 2(−5)[1(−4)] 2(−5)[1(−5)] 34
8◦, 20◦, 30◦, 35◦, 48◦, 60◦, 72◦, 84◦, 96◦, 106◦, 120◦, 130◦,
145◦, 155◦, 165◦, 180◦, for seven distances, R = 4.5, 5.0,
5.5, 6.2, 6.8, 7.2, 10 bohrs. These angles were chosen to be
approximately midway between pairs of roots of the 30th order
Legendre polynomial, where oscillations of the fitted potential
about the true potential may be expected to be the largest.
We then calculated the root mean square (RMS) error and the
average absolute percentage error, i.e., the average value of
|100 × (V (R, θ) − Vab initio(R, θ))/Vab initio(R, θ)|, of our fitted
potential V (R, θ), over these additional ab initio data, for each
distance. The results are shown in Table III, column “30E,”
where we see that the average absolute percentage error is only
3% at R = 4.5 bohrs, and that the RMS error falls below 1 cm−1
at R = 5.5 bohrs.
Since some authors have reported difficulties in calcu-
lating the Legendre expansion in the case of strong anisot-
ropy,29–31 we studied the behavior of some Legendre expan-
sions of the PES using fewer than 30 terms. In the following,
we use the notation “nE” to designate an n term Legendre
expansion (i.e., lmax = n − 1) obtained from data at the roots
of the nth order Legendre polynomial using Gauss-Legendre
integration. Thus, our 30 term expansion is designated 30E. We
also use the notation “nTm” to designate the n term expansion
given by the first n terms of the mE expansion (m > n), i.e., the
n term truncation of the mE expansion.
We studied the 8, 13, 15, and 20 term truncations of the
30E expansion. Table III shows the RMS and average absolute
percentage errors of these truncations, calculated using the
additional ab initio data as explained above for the test of 30E.
This shows that the long-range part of the PES, R > 10 bohrs,
is reconstructed with a RMS error better than 1 cm−1 and <1%
average absolute error with the 8 term truncation, while 13 to
15 terms ensure high accuracy from R = 10 bohrs to the well
regions, i.e., down to R about 6.2 to 6.8 bohrs. The 20 term
truncation gives reasonable accuracy between R = 6 bohrs and
R = 5 bohrs.
We also studied the behaviour of 8E, 9E, and 15E Leg-
endre expansions. To calculate these, we did not generate the
additional required ab initio data at the roots of the 8th, 9th,
and 15th order Legendre polynomials; instead, we generated
these PES values from a cubic spline fit. Specifically, we made
a cubic spline fit to the 30 ab initio data already calculated,
completed by the two end points at θ = 0◦ and θ = 180◦, at
each of the seven distances mentioned above. We checked that
this method gives excellent agreement with the 9E expansion
obtained from ab initio data at all distances. To test the Legen-
dre expansions, we calculated their RMS and average absolute
percentage errors with respect to this cubic spline fit, using
an angular grid with a spacing of 0.1◦ between 0◦ and 180◦
(i.e., 1801 angles). Table IV columns 8E, 9E, and 15E give the
results, showing that 8E and 9E fit the PES well at long range,
while 15E fits well into the well region.
It is not possible to directly compare the error values
between Tables III and IV. Therefore, to permit a comparison
between the nE and nTm expansions, Table IV also gives the
errors for the 8T30 and 15T30 truncations.
Comparison of the 8T30 errors with the 8E errors in
Table IV shows that RMS errors are smaller for the former,
while the average absolute percentage errors are smaller for
the latter. The comparison between 15T30 and 15E gives the
same conclusion. To help to understand this observation, Fig. 2
shows the 8T30 and 8E expansions and the 32 point spline
as functions of θ for two values of R. This shows that 8T30
reproduces the potential better than 8E close to θ = 0◦, where
the potential has very large values, which leads to the better
RMS error of 8T30. However, 8E reproduces the potential
better than 8T30 over the rest of the θ range, where the potential
TABLE IV. RMS and average absolute percentage errors of the PES recon-
structed by several nE and nTm Legendre expansions (see the text for precise
definitions), for various distances R. The errors are calculated with respect
to the 32 point cubic spline fit to ab initio data (see text), using a uniform
angular grid of 1800 intervals. Distances are in bohr and energies in cm−1.
In each case, the RMS error is given first, followed by the average absolute
percentage error in square brackets. The notation Y(− N) means Y×10−N .
R 8T30 8E 9E 15T30 15E
4.5 1890[79] 2475[23] 2167[20] 970[33] 1635[6]
5.0 250[68] 360[30] 289[20] 62[12] 102[3]
5.5 55[237] 79[117] 55[8] 6[16] 9[6]
6.2 9[93] 13[60] 8[40] 0.3[2] 0.4[1]
6.8 2[35] 3[16] 2[8] 0.03[0.3] 0.04[0.2]
7.2 0.7[15] 1[8] 0.5[6] 0.008[0.2] 0.01[0.1]
10.0 0.008[0.3] 0.01[0.2] 0.004[0.1] 3(−5)[0.008] 4(−5)[0.001]
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FIG. 2. Cuts of the reconstructed PES at the onset of the repulsive wall (a) R = 5.6 bohrs (upper panels) and in the wells region (b) R = 6.8 bohrs (lower panels).
The left panels show the repulsive region at small angles and the right panels the angular geometries where the PES is attractive. The ab initio data (green dots)
correspond to the 30 roots of the 30 terms Legendre polynomial. The red curve is the cubic spline through the 32 ab initio roots. The dashed black line is the
reconstructed PES using the full 30 terms expansion. The magenta line corresponds to the 8T30 truncature and the blue line corresponds to the 8E expansion
(see text). The PES units are cm−1 and the angles in degrees.
has smaller values, leading to the better average absolute per-
centage error of 8E. That is, at least in the system considered
here, it appears that nE expansions are to be preferred over nTm
truncations in order to best reproduce the well and long-range
regions of the PES, for a given number of terms in the Legendre
expansion.
Finally, we study the aliasing in the Legendre coefficients
Vl(R) of nE expansions. In general, we expect the aliasing
to be the strongest in the small R regions, where the high
PES anisotropy requires many Legendre terms for it to be
correctly described. Fig. 3 shows the Legendre coefficients for
the nE expansions with n = 8, 9, 13, 15, 20, 30 (calculated
using data generated from the spline fit for the first five of
these, as explained above in connection with Table IV), for four
distances. This shows that the Vl coefficients are similar among
the different expansions as long as the expansions describe the
FIG. 3. Comparison of the Vl(R) coef-
ficients at successive values of the dis-
tance R. The different sets of Vl(R)
coefficients are obtained with nth order
Legendre expansions: n = 30, 20, 15,
13, 9, 8. The chosen values of R are
the very repulsive wall at R = 4.5 bohrs,
the onset of the repulsive wall at R
= 5.6 bohrs, the wells regions, respec-
tively, at R = 6.8 bohrs and R = 8 bohrs.
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anisotropy well. At R = 8 bohrs, the successive expansions
give similar coefficients for all values of l. At R = 6.8 bohrs,
all coefficients are similar for n > 10, while for smaller n
values only the first 5 coefficients are similar. At R = 5.6 bohrs,
the first 5 coefficients are similar across expansions, while all
expansions below n = 30 have visible aliasing in their higher
l terms. Note that this figure does not permit to assess the
aliasing in the 30E expansion. At R = 4.5 bohrs, aliasing starts
at even lower values of l for n = 20, 15, while it is visible for
all values of l for n ≤ 10.
2. The radial fit
For the purpose of the scattering calculations, the R depen-
dences of the Vl(R) coefficients are extrapolated at short dis-
tances (R < 4.5 bohrs) by a decreasing exponential function
Al exp(−BlR). We discuss in Section III the influence of the
extrapolation technique on the cross sections.
At large distances, the first 15 Vl(R) coefficients are extrap-
olated by an inverse power law function Vl(R) = ClnR−n from
a distance Rstart where the Vl(R) coefficients become smaller
than 10−3 cm−1. n and Cln are obtained using 2 successive
distances. This leads to extrapolation functions starting at Rstart
= 20 bohrs for the first 8 coefficients, and then at Rstart values
decreasing to Rstart = 9.4 bohrs for l = 14. Above l = 14, the
coefficients are put smoothly to zero via a decreasing exponen-
tial when their repulsive value is below 10−3 cm−1.
In order to test the very long range extrapolation of the
Legendre expansion, we calculated additional ab initio points
for R = 30,40,50 bohrs and for 3 angles corresponding to roots
of the 30 terms Legendre expansion and for 2 angles between
roots. We find that the very long range reconstructed PES
values are within 3 × 10−3 cm−1 of the ab initio data, which
corresponds to the expected accuracy of the reconstructed
PES. This long range accuracy is sufficient for the collisional
rate coefficients at the temperature of 5 K since the lowest
kinetic energy contributing significantly to the rate coefficients
is about 0.05 cm−1. In addition, the long range parts of the V0
and V1 coefficients can be compared with the leading terms
obtained from perturbation theory, i.e., V0 = −q2α/2R4 and
V1 = −2µqα/R5, where α = 1.37 a30 is the polarizability of
helium and µ = 1.86 D the ion’s dipole moment,32 used in
Monteiro and in the present paper, which is close to the recent
value µ = 1.84 D calculated by Puzzarini.33 Table V shows that
our values of the first 2 coefficients at R = 18.9 bohrs (10 Å) are
very close to the perturbative expressions and to the coefficient
values of Monteiro.
TABLE V. The 5 first Legendre expansion coefficients Vl, at R = 18.9 bohrs,
obtained through our 30 terms expansion, compared to Monteiro’s expansion
coefficients and to perturbative expressions for the first 2 terms. The Vl are in
cm−1.
Our terms Monteiro Perturbative
V0 −1.28 −1.10 −1.24




In the scattering calculations, the Vl(R) coefficients are
interpolated using a cubic spline between R = 4.5 bohrs and
the Rstart values.
C. Discussion of the PES
Monteiro carried out self-consistent field (SCF) ab initio
calculations with a smaller basis set than we have used, on a
grid of 9 angles (θ = 0◦, 30◦, 45◦, 60◦, 90◦, 120◦, 135◦, 150◦,
180◦) and 9 distances. Monteiro provided an expansion of the
PES on 8 Legendre polynomials and indicated that more terms
were fitted at very short distances. Fig. 4 shows that our first
four Vl(R) coefficients obtained from our 30E Legendre expan-
sion are very different from the ones obtained by Monteiro.
They have deeper wells and repulsive cores located at lower
R distances. We checked that these coefficients have similar
long range behavior to those of Monteiro.
From Section II B 1 and Fig. 3, we conclude that the differ-
ence is not due to the chosen Legendre expansions. Therefore,
we can conclude that the differences observed between Mon-
teiro’s first 4 Vl and our Vl coefficients in Fig. 4 are largely due
to the level of theory used in the ab initio calculations.
In addition, we used the SCF part of our own ab initio
calculations in order to generate SCF Vl coefficients with an
8E expansion. We find that they are similar to Monteiro’s
coefficients (Fig. 4) in terms of depth of the first Vl coefficients
and of the location of the repulsive cores. This result is coherent
since the SCF method gives higher energies than the true
total energy. The similarity between the coefficients allows us
to investigate the quality of Monteiro’s Legendre expansion
through testing the fit of our SCF ab initio data. We performed
the spline test of Table IV generating 8E, 9E, 15E Legendre
expansions from the SCF ab initio data and we find almost
exactly the same RMS and average absolute percentage errors
as for the CCSD(T) ab initio data. Therefore, we infer that
Monteiro’s ab initio data would have required a higher order
polynomial expansion in order to obtain a satisfactory fit, in
the same way as for our CCSD(T) ab initio data.
FIG. 4. HCS+–He system: A comparison between the PES Legendre coef-
ficients of Monteiro9 (bullets), our coefficients obtained with the 30 terms
expansion of the CCSD(T) ab initio data (full lines), and of the SCF ab initio
data (dashed lines), for the first 4 Legendre coefficients.
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While the above study has presented an exhaustive view
of the effect of the Legendre PES expansion with and without
truncature, in Sec. III we will also investigate the influence on
the inelastic cross sections of the Legendre expansions versus
the different ab initio data, in order to understand the origin
of the differences between our rate coefficients and Monteiro’s
rate coefficients.
III. INELASTIC CROSS SECTIONS
AND RATE COEFFICIENTS
A. Methodology and results
Rotational inelastic cross sections were obtained using
close coupling (CC) calculations with the MOLSCAT pro-
gram.34 The scattering calculations were carried out with the
propagator of Manolopoulos35 with the starting and end point
of the scattering calculations initially set at Rmin = 2 bohrs and
Rmax = 45 bohrs. Both Rmin and Rmax are adjustable parameters
depending on the value of the total angular momentum J.
The molscat parameter STEP was taken from 50 to 13. All
propagator parameters were carefully checked as is always
done by the authors14,36–41 and the calculations were optimized
with respect to the size of the rotational basis sets leading to the
inclusion of 9 closed channels in order to obtain cross sections
with better than 1% error. The convergence of the total angular
momentum sum is achieved at better than 0.005 Å2. The cross
sections were calculated on a grid of energies with varying
energy steps, i.e., 0.01 cm−1 for 1 cm−1 above each threshold,
then 0.1 cm−1 and 0.2 cm−1 up to 290 cm−1, then the steps
were further increased while the energy was increased up to
3000 cm−1. Calculations with smaller steps, i.e., 10−4 cm−1 and
10−3 cm−1 above the thresholds, were checked to be unneces-
sary for the calculation of the de-excitation rate coefficients.
We carried out 6 different scattering calculations: one
calculation with our complete 30 terms expansion (Eq. (3))
called (set-30E), one calculation with a PES reconstituted with
the 8 coefficients provided by Monteiro9 that we call (set-
mont), one calculation with an 8E expansion called (set-8E),
one calculation with a 9E expansion called (set-9E), one calcu-
lation with an 8T30 truncation (set-8T30), and one calcula-
tion with a 8T9 truncation (set-8T9). All scattering calcula-
tions have been performed in the same conditions as described
above. Our motivation for calculating the additional (set-mont)
data set is to understand the low temperature difference that we
observe between our (set-30E) rate coefficients and Monteiro’s
rate coefficients. The calculations of the other data sets allow
to understand the impact of reducing the Legendre expansion.
The state-to-state rotational inelastic rate coefficients are









σ j→ j′(E)Ee−E/kTdE, (4)
where unprimed and primed quantum numbers label initial and
final rotational states of the molecule, respectively, E is the
kinetic energy, and k is the Boltzmann constant.
The (set-30E) scattering calculations provide the set of
rate coefficients that we recommend to use; they include inelas-
tic rate coefficients induced by He among the lowest 20 levels
of HCS+ and in the range of temperature from 5 K to 100 K.
This (set-30E) complete set is made available in the BASECOL
database10 and a subset is provided on the left hand side of
Table VI for the purpose of comparison. Indeed Monteiro
provided rate coefficients for j up to 10 and in a range of
temperatures from 5 K to 60 K. The right hand side of Table VI
shows that Monteiro’s calculations mostly overestimate the
rate coefficients, and that the overestimation for the ∆ j = 1
transitions can be as large as a factor of 2.5.
B. Discussion of the inelastic rate coefficients
1. Comparison with Monteiro’s results
First, we consider the influence of the scattering calcula-
tion methodology and we compare Monteiro’s calculations and
our own scattering calculations using Monteiro’s PES, i.e., our
(set-mont) scattering calculations. We recall that Monteiro
used three closed channels with close coupling calculations
below E = 40 cm−1 and coupled states (CS) above. Table VII
shows that the discrepancy due to the scattering calculation
methodology is about 2%-25% for the transitions below j = 5.
If we focus on specific examples such as the j = 1 to j ′ = 0 and
the j = 2 to j ′ = 1 transitions, at 10 K, Monteiro’s calculations
overestimate them by factors of, respectively, 2.5 and 2 in
Table VI whereas the scattering calculations give differences
of 2% only. Therefore, the scattering calculation methodology
has generally a small influence and is not the main source
of discrepancies for those two transitions. This could be ex-
plained by the very large magnitude of the cross sections that
completely hides the resonances details in the Boltzmann aver-
ages of the cross sections. This is very different from the H2O-
p-H2 system,36 where resonances and their precise description
have a strong impact on the rate coefficients.
Next, we wish to assess how the level of theory used
in the ab initio calculations influences the rate coefficients.
Therefore, we compare our rate coefficients (set-30E) with our
scattering calculations using Monteiro’s Vl(R) coefficients (set-
mont). The right hand side of Table VII shows that previous
ab initio data mostly overestimated the rate coefficients with
factors as large as 2.7 at 5 K and 1.5 at 60 K for the j = 1
to j ′ = 0 transition. The ratios (set-mont)/(set-30E) decrease
as temperature increases. Therefore, from Table VII and from
the right hand side of Table VI, we can conclude that the
large discrepancies between our (set-30E) rate coefficients and
Monteiro’s rate coefficients are mainly due to the new ab initio
data. We acknowledge that a 30E expansion is certainly far too
complete since the detailed study of the reconstructed PES in
Section II shows that 13T30, 15T30, or 15E expansions are
sufficient to describe properly the anisotropy with the onset of
the attractive values of the PES. Therefore, we would expect
that a 20T30 or 20E expansion would be sufficient for the
current scattering calculations.
The study of the HCO+–He system by Buffa et al.12 did not
find such large differences from Monteiro’s results9 as we find
for HCS+–He. Therefore, in order to compare the two systems,
we repeated the ab initio calculations of Buffa et al. using their
methodology, i.e., using the CCSD(T) method with an aug-
cc-pVQZ basis set, an expansion of the ab initio data on 11
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TABLE VI. Our final (set-30E) rate coefficients in units of cm3 s−1 are given on the left hand side of the table.
On the right hand side are displayed the ratios of Monteiro’s9 rate coefficients over our (set-30E) rate coefficients.
The transitions between rotational levels are indicated with j , j′ being the initial and final rotational quantum
numbers, respectively.
T (K) 5 10 20 40 60 10 20 40 60
j j′ Rate coefficients Ratios
1 0 4.93E−11 4.89E−11 5.12E−11 5.49E−11 5.71E−11 2.42 2.04 1.71 1.57
2 0 1.99E−11 2.22E−11 2.45E−11 2.73E−11 2.94E−11 0.90 0.87 0.78 0.82
2 1 8.06E−11 8.15E−11 8.15E−11 8.42E−11 8.70E−11 1.95 1.77 1.61 1.52
3 0 7.11E−12 8.19E−12 9.00E−12 9.94E−12 1.05E−11 2.30 1.93 1.61 1.45
3 1 3.69E−11 3.99E−11 4.28E−11 4.61E−11 4.89E−11 1.18 1.01 0.91 0.88
3 2 7.46E−11 7.96E−11 8.27E−11 8.73E−11 9.08E−11 1.94 1.75 1.62 1.55
4 0 2.86E−12 3.38E−12 3.85E−12 4.48E−12 4.92E−12 1.93 1.79 1.83 1.81
4 1 1.37E−11 1.59E−11 1.75E−11 1.89E−11 1.97E−11 2.03 1.68 1.46 1.35
4 2 5.03E−11 5.46E−11 5.69E−11 5.84E−11 6.01E−11 1.12 0.94 0.85 0.82
4 3 7.41E−11 8.04E−11 8.45E−11 8.89E−11 9.22E−11 1.98 1.80 1.71 1.65
5 0 2.56E−12 2.78E−12 2.96E−12 3.20E−12 3.33E−12 1.22 1.12 1.03 1.02
5 1 6.61E−12 8.12E−12 9.31E−12 1.01E−11 1.06E−11 2.13 1.80 1.72 1.64
5 2 1.57E−11 1.89E−11 2.10E−11 2.23E−11 2.28E−11 2.18 1.82 1.60 1.48
5 3 6.19E−11 6.43E−11 6.63E−11 6.71E−11 6.81E−11 1.06 0.88 0.80 0.78
5 4 7.90E−11 8.59E−11 9.03E−11 9.31E−11 9.51E−11 1.65 1.57 1.57 1.56
6 0 1.51E−12 1.78E−12 1.99E−12 2.12E−12 2.16E−12 2.02 1.71 1.55 1.44
6 1 4.94E−12 5.54E−12 6.09E−12 6.55E−12 6.75E−12 1.80 1.54 1.37 1.30
6 2 9.55E−12 1.10E−11 1.24E−11 1.33E−11 1.37E−11 1.81 1.66 1.60 1.56
6 3 1.64E−11 2.00E−11 2.29E−11 2.44E−11 2.49E−11 1.79 1.46 1.29 1.21
6 4 6.92E−11 7.02E−11 7.16E−11 7.22E−11 7.30E−11 0.93 0.80 0.76 0.75
6 5 8.25E−11 8.90E−11 9.24E−11 9.47E−11 9.63E−11 1.24 1.37 1.48 1.50
7 0 7.22E−13 8.77E−13 1.05E−12 1.19E−12 1.25E−12 2.85 2.47 2.18 2.08
7 1 3.40E−12 3.78E−12 4.21E−12 4.54E−12 4.64E−12 2.75 2.23 1.87 1.74
7 2 6.09E−12 6.81E−12 7.61E−12 8.28E−12 8.56E−12 1.20 1.01 0.94 0.93
7 3 1.19E−11 1.31E−11 1.44E−11 1.52E−11 1.56E−11 2.33 1.98 1.76 1.64
7 4 1.76E−11 2.05E−11 2.32E−11 2.50E−11 2.56E−11 1.54 1.32 1.22 1.17
7 5 7.50E−11 7.54E−11 7.57E−11 7.56E−11 7.63E−11 0.78 0.72 0.69 0.67
7 6 9.03E−11 9.34E−11 9.44E−11 9.54E−11 9.65E−11 1.08 1.21 1.36 1.40
8 0 8.10E−13 8.51E−13 9.24E−13 9.88E−13 1.01E−12 3.41 3.03 2.43 2.37
8 1 1.59E−12 1.83E−12 2.17E−12 2.53E−12 2.72E−12 2.85 2.12 1.66 1.47
8 2 4.60E−12 4.76E−12 5.13E−12 5.58E−12 5.80E−12 3.82 3.57 2.55 2.26
8 3 7.53E−12 7.94E−12 8.60E−12 9.28E−12 9.61E−12 1.31 1.19 1.12 1.09
8 4 1.51E−11 1.58E−11 1.67E−11 1.72E−11 1.75E−11 1.81 1.58 1.38 1.27
8 5 2.00E−11 2.17E−11 2.39E−11 2.56E−11 2.62E−11 1.54 1.39 1.25 1.17
8 6 8.20E−11 8.05E−11 7.99E−11 7.92E−11 7.96E−11 0.61 0.62 0.63 0.63
8 7 8.71E−11 9.18E−11 9.33E−11 9.41E−11 9.53E−11 0.81 0.98 1.18 1.25
9 0 3.30E−13 3.66E−13 4.40E−13 5.29E−13 5.83E−13 4.37 2.95 1.89 1.54
9 1 1.60E−12 1.60E−12 1.74E−12 1.97E−12 2.10E−12 5.42 4.71 3.81 3.42
9 2 2.36E−12 2.50E−12 2.84E−12 3.34E−12 3.64E−12 2.48 2.22 1.79 1.54
9 3 5.65E−12 5.72E−12 6.09E−12 6.61E−12 6.87E−12 3.06 2.58 2.01 1.75
9 4 8.98E−12 9.07E−12 9.68E−12 1.04E−11 1.07E−11 1.64 1.49 1.30 1.19
9 5 1.84E−11 1.84E−11 1.89E−11 1.93E−11 1.94E−11 1.33 1.18 1.05 0.99
9 6 2.17E−11 2.29E−11 2.45E−11 2.60E−11 2.67E−11 1.35 1.25 1.12 1.05
9 7 8.95E−11 8.45E−11 8.19E−11 8.10E−11 8.14E−11 0.77 0.70 0.64 0.61
9 8 8.87E−11 9.42E−11 9.60E−11 9.56E−11 9.59E−11 0.63 0.79 1.00 1.09
10 0 2.53E−13 2.65E−13 3.07E−13 3.79E−13 4.32E−13 7.18 7.16 6.07 5.09
10 1 8.39E−13 8.82E−13 1.01E−12 1.23E−12 1.38E−12 2.95 2.57 1.95 1.60
10 2 2.15E−12 2.15E−12 2.33E−12 2.69E−12 2.90E−12 3.35 3.43 2.90 2.59
10 3 3.14E−12 3.20E−12 3.56E−12 4.19E−12 4.54E−12 1.97 1.94 1.65 1.45
10 4 6.84E−12 6.84E−12 7.19E−12 7.77E−12 8.04E−12 1.62 1.63 1.44 1.34
10 5 1.05E−11 1.03E−11 1.06E−11 1.13E−11 1.16E−11 1.19 1.22 1.11 1.02
10 6 2.15E−11 2.07E−11 2.08E−11 2.09E−11 2.10E−11 0.82 0.86 0.80 0.75
10 7 2.52E−11 2.54E−11 2.63E−11 2.73E−11 2.77E−11 0.91 0.98 0.95 0.92
10 8 9.19E−11 8.70E−11 8.31E−11 8.14E−11 8.19E−11 0.77 0.78 0.71 0.64
10 9 9.48E−11 9.73E−11 9.89E−11 9.81E−11 9.78E−11 0.51 0.64 0.81 0.91
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TABLE VII. Effect on the rate coefficients of using different levels of theory for the scattering calculations (left
hand side) and for the ab initio data (right hand side). The test on the impact of the scattering calculations quality
is provided by the ratios of Monteiro’s rate coefficients over our (set-mont) rate coefficients for 4 temperatures (left
hand side). The impact of the new ab initio calculations is provided by the ratios of our (set-mont) rate coefficients
over our (set-30E) rate coefficients for 5 temperatures (right hand side). The transitions between rotational levels
are indicated with j and j′, being the initial and final rotational quantum numbers, respectively.
T (K) 10 20 40 60 5 10 20 40 60
j j′
1 0 1.02 1.03 1.05 1.06 2.69 2.38 1.98 1.63 1.48
2 0 0.79 0.94 1.02 1.18 1.56 1.14 0.92 0.77 0.70
2 1 0.98 1.00 1.04 1.08 2.22 1.99 1.77 1.54 1.41
3 0 1.00 0.97 0.99 1.03 2.65 2.30 1.99 1.62 1.40
3 1 0.93 0.93 0.97 1.02 1.50 1.27 1.09 0.94 0.86
3 2 0.95 1.00 1.08 1.13 2.34 2.03 1.75 1.50 1.37
4 0 0.75 0.73 0.85 0.93 2.68 2.55 2.44 2.16 1.94
4 1 0.94 0.97 1.05 1.11 2.72 2.16 1.73 1.38 1.21
4 2 1.01 0.96 0.99 1.03 1.23 1.11 0.98 0.86 0.80
4 3 0.98 1.05 1.16 1.21 2.40 2.01 1.71 1.47 1.36
5 0 0.78 0.92 1.16 1.33 1.84 1.58 1.22 0.89 0.77
5 1 0.77 0.77 0.88 0.94 3.32 2.77 2.35 1.96 1.75
5 2 0.92 0.96 1.04 1.09 3.08 2.37 1.89 1.53 1.35
5 3 0.97 0.94 0.97 0.99 1.23 1.09 0.93 0.83 0.79
5 4 0.95 1.05 1.17 1.21 1.99 1.73 1.50 1.35 1.28
Legendre terms, and performed the same scattering calcula-
tions at 10 K. Our HCO+–He scattering results are within 1%-
4% of Buffa’s results, thus providing in addition a methodology
test for our calculations for the HCS+–He system. Similarly to
HCS+–He, the CCSD(T) HCO+–He Vl coefficients are much
deeper than Monteiro’s (Fig. 5), although the relative differ-
ences are somewhat smaller than for HCS+–He, but contrary
to HCS+–He the higher quality of the ab initio calculations has
very little impact on the rate coefficients. Indeed Buffa et al. or
our HCO+ ∆ j = 1 rate coefficients are slightly larger by 5%-
30% among the first 4 transitions at 10 K, though Monteiro
used a SCF ab initio calculation with a smaller basis set and
expanded the SCF data on only 6 Legendre coefficients.
FIG. 5. HCO+–He system: For the first 4 Legendre coefficients, a comparison
between the coefficients of Monteiro9 (bullets), our coefficients obtained with
the 11th order expansion of the CCSD(T) ab initio data (full lines), and of the
SCF ab initio data (dashed lines).
Therefore, we investigate in Secs. III B 2 and III B 3 the
relation between the PES and the dynamics for both systems
in order to understand the origin of their different behaviors.
2. Influence of the Legendre expansion
For HCS+–He, we investigate within our own calculation
the influence of using a “Monteiro-like” 8 terms Legendre
expansion, compared to a 9 terms (set-9E) and to a 30 terms
Legendre expansion (set-30E), while the ab initio data and
scattering calculation methodology are kept identical. For a
“Monteiro-like” 8 terms Legendre expansion, we can choose a
truncature at 8 terms of any nE (n > 8) Legendre expansion
or carry out the calculations for an 8E Legendre expansion.
In all cases, the expansion is insufficient to represent most
parts of the PES apart from its very long range. Nevertheless,
in Section II, we saw that an 8E expansion reproduces better
the ab initio data in the region of the well compared to an
8T30 truncature. Compared to a 30E representation of the PES,
the 8T9 truncature includes the effects both of aliasing and of
neglecting the l = 8 Legendre component, the 8T30 truncature
throws out all components above the l = 7 Legendre compo-
nent, and the 8E expansion is an approximation of this repre-
sentation where the Legendre coefficients include aliasing, but
an aliasing different from a 8T9 truncature. The comparison is
performed through ratios of the rate coefficients sets (set-8E),
(set-8T9), (set-8T30) over the set (set-30E). Table VIII shows
that an 8E expansion mostly overestimates rate coefficients
with ratios of 1.27 and 1.45 for, respectively, the j = 1 to
j ′ = 0 and j = 2 to j ′ = 1 transitions at 5 K. The ratios are
quite large for the transitions with ∆ j greater than one, and the
ratios decrease as the temperature increases. In addition, the
choice of an 8TX truncature or 8E expansion impacts the rate
coefficients by non-negligible factors for all transitions with
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TABLE VIII. Effect on rate coefficients of varying the number of terms in the Legendre expansion. The ratios of
our (set-8E), (set-9E), (set-8T9), and (set-8T30) rate coefficients over our (set-30E) rate coefficients are provided
for 5 temperatures. The transitions between rotational levels are indicated with j and j′ being the initial and final
rotational quantum numbers, respectively.
(set-8E) (set-9E)
T (K) 5 10 20 40 60 5 10 20 40 60
j j′
1 0 1.27 1.21 1.16 1.14 1.12 1.02 1.01 1.00 0.98 0.98
2 0 2.02 1.72 1.42 1.14 0.99 1.25 1.26 1.18 1.06 1.00
2 1 1.45 1.32 1.23 1.17 1.13 1.07 1.10 1.08 1.04 1.02
3 0 2.00 1.74 1.52 1.28 1.16 1.69 1.64 1.40 1.20 1.15
3 1 2.02 1.68 1.38 1.14 1.02 1.46 1.47 1.30 1.13 1.05
3 2 1.57 1.41 1.29 1.20 1.14 1.25 1.22 1.13 1.04 1.01
4 0 3.37 2.71 2.13 1.66 1.52 5.15 3.20 2.07 1.53 1.37
4 1 2.69 2.12 1.70 1.36 1.19 3.64 2.35 1.61 1.25 1.14
4 2 1.74 1.50 1.29 1.10 1.02 2.20 1.66 1.31 1.12 1.04
4 3 1.71 1.51 1.36 1.23 1.17 1.67 1.35 1.16 1.07 1.05
5 0 3.22 2.82 2.21 1.59 1.31 1.49 1.31 1.15 0.98 0.91
5 1 3.49 2.61 2.07 1.73 1.63 2.10 1.76 1.52 1.35 1.28
5 2 2.89 2.40 1.93 1.52 1.32 1.48 1.31 1.23 1.19 1.18
5 3 1.59 1.37 1.18 1.06 1.00 1.23 1.16 1.08 1.01 0.98
5 4 1.57 1.47 1.38 1.29 1.23 1.06 1.03 1.02 1.02 1.02
(set-8T9) (set-8T30)
1 0 1.39 1.26 1.10 0.99 0.96 1.70 1.39 1.13 0.97 0.92
2 0 2.53 1.97 1.52 1.13 0.96 2.38 1.84 1.41 1.07 0.92
2 1 1.76 1.53 1.33 1.13 1.05 1.75 1.51 1.30 1.10 1.03
3 0 3.38 2.61 2.02 1.52 1.30 3.38 2.70 2.09 1.58 1.36
3 1 2.52 2.08 1.67 1.34 1.19 2.11 1.90 1.63 1.37 1.21
3 2 1.85 1.58 1.35 1.15 1.06 1.70 1.49 1.29 1.10 1.02
4 0 6.18 5.03 4.11 3.25 2.84 5.83 5.29 4.63 3.64 3.05
4 1 4.02 2.95 2.18 1.60 1.35 3.82 2.92 2.21 1.64 1.39
4 2 2.37 1.97 1.67 1.43 1.30 2.23 1.98 1.76 1.51 1.34
4 3 1.81 1.58 1.36 1.17 1.08 1.73 1.53 1.32 1.13 1.06
5 0 4.51 3.71 2.79 1.90 1.50 4.66 3.78 2.82 1.91 1.52
5 1 7.89 5.97 4.75 3.85 3.39 8.69 6.91 5.58 4.33 3.62
5 2 4.19 3.14 2.35 1.73 1.46 4.10 3.13 2.38 1.81 1.57
5 3 1.90 1.70 1.51 1.34 1.25 1.99 1.81 1.62 1.44 1.31
5 4 1.48 1.33 1.21 1.11 1.06 1.41 1.24 1.13 1.06 1.02
∆ j greater than one, the impact decreasing with temperature.
Overall any 8 terms Legendre expansion gives very different
results from a 30E expansion, thus confirming that the rate
coefficients are not converged with an 8 terms Legendre fit to
our ab initio data even for the lowest transitions. Therefore,
we investigated how the improvement of the fit with additional
terms impacts the rate coefficients. Table VIII shows the results
for a 9E expansion. We see that the lowest transitions from
the j = 1 level to j ′ = 0 and from the j = 2 level to j ′ = 1 are
now converged with the additional l = 8 coefficient. However,
many transitions are not converged. The need for more terms in
the expansion shows that the scattering is sensitive not only to
the very long range part of the PES but also to the intermediate
range of the wells. The importance of the intermediate range
is in contradiction with Monteiro’s conclusions based on their
own ab initio data both for the HCS+–He and for the HCO+–He
systems, that conclusion being confirmed by Buffa et al. for the
latter system. As an additional check for the HCO+–He system,
we calculated the rate coefficients at 10 K using a 6 terms
truncature of the 11 terms Legendre expansion as Monteiro
used 6 coefficients, and we found the largest differences to be
around 25% for transitions up to j = 4. This is very different
from the large factors found when going from a 9E to an 8T9
expansion for the HCS+–He system (see Table IX).
3. Analysis of the dynamics
A priori it is quite surprising that adding a high Vl term
would make such a difference; therefore, we investigated how
the cross sections evolve at low energy when we increase
the number of closed channels. In the following, we focus
on the excitational transitions to the j ′ = 1 and j ′ = 2 rota-
tional levels, whose rotational energies are Erot = 1.42 cm−1
and 4.27 cm−1, respectively. Fig. 6 displays these three cross
sections as a function of the total energy, corresponding to
the recommended rate coefficients in Table VI. The low en-
ergy behavior of the cross sections is strongly influenced by
resonances, which in turn might result from coupling with
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TABLE IX. Effect on rate coefficients of changing the number of terms in a Legendre expansion. The ratios of
our (set-8T9) rate coefficients over our (set-9E) rate coefficients are provided for 5 temperatures. The transitions
between rotational levels are indicated with j and j′ being the initial and final rotational quantum numbers,
respectively.
T (K) 5 10 20 40 60 j j′ 5 10 20 40 60
j j′
1 0 1.37 1.25 1.10 1.01 0.98 7 0 1.63 1.74 1.61 1.24 1.01
2 0 2.03 1.56 1.28 1.07 0.96 7 1 3.19 3.24 3.30 3.36 3.35
2 1 1.65 1.39 1.22 1.09 1.03 7 2 2.24 2.32 2.18 1.79 1.50
3 0 2.00 1.59 1.44 1.26 1.13 7 3 2.51 2.51 2.46 2.44 2.40
3 1 1.72 1.41 1.28 1.19 1.13 7 4 1.68 1.61 1.45 1.24 1.12
3 2 1.48 1.29 1.20 1.10 1.05 7 5 1.34 1.33 1.30 1.25 1.21
4 0 1.20 1.57 1.98 2.13 2.08 7 6 0.85 0.85 0.88 0.90 0.90
4 1 1.10 1.26 1.35 1.28 1.18 8 0 2.02 2.39 2.92 3.59 3.95
4 2 1.08 1.19 1.27 1.28 1.24 8 1 2.57 2.32 2.03 1.59 1.30
4 3 1.09 1.17 1.17 1.09 1.03 8 2 2.32 2.48 2.65 2.84 2.91
5 0 3.03 2.83 2.42 1.93 1.65 8 3 2.06 1.87 1.68 1.41 1.23
5 1 3.77 3.38 3.13 2.85 2.64 8 4 2.35 2.32 2.27 2.23 2.20
5 2 2.84 2.39 1.90 1.46 1.23 8 5 1.27 1.27 1.21 1.10 1.02
5 3 1.54 1.47 1.40 1.33 1.28 8 6 1.33 1.31 1.28 1.24 1.22
5 4 1.40 1.29 1.19 1.10 1.04 8 7 0.83 0.84 0.86 0.89 0.90
6 0 4.44 3.85 3.57 3.39 3.23 9 0 3.49 2.99 2.63 2.12 1.72
6 1 2.81 2.59 2.20 1.67 1.37 9 1 2.00 2.19 2.51 2.94 3.21
6 2 3.28 3.05 2.87 2.73 2.62 9 7 1.31 1.30 1.27 1.24 1.20
6 3 2.41 2.19 1.86 1.50 1.29 9 8 0.77 0.77 0.80 0.84 0.87
6 4 1.39 1.38 1.35 1.31 1.26 10 0 1.69 1.89 2.16 2.53 2.76
6 5 1.03 1.01 1.00 0.97 0.95 10 9 0.78 0.77 0.79 0.83 0.85
closed channels. Therefore, we carried out several scattering
calculations for which we increased the number of closed
channels from zero to nine or more, where nine is the number of
closed channels for our recommended rate coefficients set. The
cross sections with different closed channels were obtained up
to a total energy of 15 cm−1. The cross section features present
resonance patterns that change when the number of closed
channels increases, and we visualise the general trend of those
cross sections by taking a Boltzmann average of those cross
sections at 5 K. For the considered transitions, these averages
capture most if not all of the information of the converged rate
FIG. 6. The (set-30E) inelastic cross sections (in Å2) as a function of total
energy (in cm−1) for three transitions: from j = 0 to j′= 1, from j = 0 to j′= 2,
and from j = 1 to j′= 2.
coefficients, since a proper convergence at 7 kT would require
an integration up to 30 cm−1 at 5 K.
We carried out those tests for all the 8 terms expan-
sions mentioned above, for the 9E and 30E expansions, for
Monteiro’s PES, and for our SCF ab initio 8 terms expansion.
For Monteiro’s PES and our 8E and 9E Legendre expansions,
we carried out additional tests using CS calculations in order to
reduce the hamiltonian matrix. Figs. 7–9 display the averages
of the cross sections for, respectively, the j = 1 to j ′ = 2, j = 0
to j ′ = 2, and j = 0 to j ′ = 1 transitions. Figs. 7 and 9 show that
the 30E and 9E expansions lead to similar general patterns for
the cross sections averages of the j = 0 to j ′ = 1 and j = 1 to
j ′ = 2 transitions.
In order to understand the dynamics, we might think of the
hamiltonian matrix in terms of a Body-Fixed (BF) picture of
the quantum calculations.42 In this frame, the matrix elements
of the PES on the total wavefunctions are diagonal inΩ, where
Ω is the BF-z projection of the rotational angular momentum j,
and we may call “adiabats” the individual diagonal PES matrix
elements (Eq. 11 of Launay42). For CC calculations, there are
couplings betweenΩ andΩ ± 1 while in CS calculations these
couplings are put to zero. Therefore, the influence of high j
closed channels in the CS calculations can be understood in
terms of ∆ j off-diagonal couplings of the PES only. In the case
of the j = 0 to j ′ = 2 and of the j = 1 to j ′ = 2 transitions,
Figs. 7 and 8 show that CC and CS calculations have similar
convergence patterns, showing in both cases an increasing
pattern after 4-5 closed channels for cross sections calculated
with the 8 terms expansions on our ab initio data. Such an
increase is not seen for the 9E and 30E expansions. This
increase is also absent from the cross sections obtained with
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FIG. 7. Effect of including closed channels on the Boltzmann average of the
cross sections for j = 1 to j′= 2 transitions. Both CC and CS cross sections are
displayed. cross sections obtained with Monteiro’s PES are in green symbols,
those obtained with our SCF ab initio data are in cyan symbols, other cross
sections have been obtained with our CCSD(T) ab initio data and different
Legendre expansions. Note: as indicated in the text, the average is taken up
till 15 cm−1.
Monteiro’s PES and with our SCF ab initio data. In addition,
we remark how sensitive the low energy cross sections are to
the choice of the 8 terms expansion, i.e., small changes in the
expansion terms lead to significant differences below a total
energy of 15 cm−1. The convergence patterns of the j = 0 to
j ′ = 1 transition (Fig. 9) differ between CC and CS calcula-
tions, but we still observe for both types of calculations a differ-
ence of patterns between the 8 terms expansions compared
with the 9E and 30E expansions after 4-5 closed channels.
Therefore, we may conclude that a large part of the differences
of the averaged cross sections between the 8 terms expansions
compared with the 9E and 30E expansions can be understood
FIG. 8. Effect of including closed channels on the Boltzmann average of the
cross sections for j = 0 to j′= 2 transitions. Both CC and CS cross sections are
displayed. cross sections obtained with Monteiro’s PES are in green symbols,
those obtained with our SCF ab initio data are in cyan symbols, other cross
sections have been obtained with our CCSD(T) ab initio data and different
Legendre expansions. Note: as indicated in the text, the average is taken up
till 15 cm−1.
FIG. 9. Effect of including closed channels on the Boltzmann average of the
cross sections for j = 0 to j′= 1 transitions. Both CC and CS cross sections are
displayed. cross sections obtained with Monteiro’s PES are in green symbols,
those obtained with our SCF ab initio data are in cyan symbols, other cross
sections have been obtained with our CCSD(T) ab initio data and different
Legendre expansions. Note: as indicated in the text, the average is taken up
till 15 cm−1.
within the CS approximation, and we can concentrate on the
hamiltonian sub-matrices Ω = 0 and Ω = 1 only in order to
understand the excitation transitions to the j = 1 and the j = 2
rotational levels.
In Figs. 10 and 11, we plot the “adiabats” obtained with
the PES of Monteiro and with the CCSD(T) 30E expansion
for the sub-matrices Ω = 0 and Ω = 1. We note that below
15 cm−1, the highest accessible closed channel adiabat for
Monteiro’s adiabats is j = 6, which explains why the cross
sections are rapidly saturated when the number of closed chan-
nels increases. On the contrary, the adiabats obtained with the
30E expansion show that below 15 cm−1 the highest accessible
closed channel adiabat is j = 8 in the interaction region, thus
allowing more Feshbach resonances with higher j levels. We
have seen that the addition of the single term V8 leads to the
convergence of the j = 1 to j ′ = 2 rate coefficients and we
FIG. 10. HCS+ adiabats for Ω= 0 obtained with our 30E expansion and with
Monteiro’s coefficients as a function of the distance R.
044315-13 Dubernet, Quintas-Sánchez, and Tuckey J. Chem. Phys. 143, 044315 (2015)
FIG. 11. HCS+ adiabats for Ω= 1 obtained with our 30E expansion and with
Monteiro’s coefficients as a function of the distance R.
attribute this to the fact that our low lying adiabats increase the
impact of couplings involving the V8 term. The off-diagonal Ω
couplings in CC calculations increase the effect of those PES
couplings since they allow connection to other Ω adiabats.
We would expect to find similar effects for the HCO+-He
system; nevertheless, we found that a 6 terms Legendre expan-
sion captures most of the dynamics for the HCO+-He system
even with the deeper CCSD(T) Vl coefficients, and that the new
CCSD(T) ab initio data do not impact strongly the dynamics
of HCO+–He at low temperature compared to Monteiro’s SCF
coefficients. Checking the HCO+–He adiabats in Fig. 12, we
find that the adiabats above j = 6 are not accessible at a total
energy below 15 cm−1, mainly because of the large spacings
between HCO+ rotational levels. Therefore, the couplings that
arise with high l coefficients do not strongly impact the cross
sections.
Thus, the very low energy (below 15 cm−1) dynamics is
largely explained by the competition between the depth of the
various adiabats and the rotational energy spacings, leading to
FIG. 12. HCO+ adiabats for Ω= 0, 1 obtained with our 11 terms Legendre
expansion as a function of the distance R.
strong effects for the HCS+–He system with our new, deeper
PES, but to only small effects for the HCO+–He system with
the deeper PES of Buffa et al., compared with Monteiro’s PESs
for these systems.
At higher energies, i.e., above about 20 K, the behavior
changes. In this latter regime, the differences from Monteiro’s
transition rates are about 30%-50%, with our PES increas-
ing the even ∆ j rates and decreasing the odd ∆ j rates. This
behavior can be related to the relative strengths of the even and
odd expansion coefficients Vl in the previous and current calcu-
lations. Thinking again in terms of the body-fixed hamiltonian
description, we recall that all adiabats are separated by even
terms of the Legendre expansion, that even Legendre terms
couple even∆ j transitions and odd Legendre terms couple odd
∆ j transitions, to first order. In our PES, the V1/V2 ratios are
smaller than Monteiro’s by 20%-30%, explaining the relative
weakness of our odd ∆ j transition rates.
IV. CONCLUSIONS
The present study provides a high quality ab initio PES
for the HCS+–He system. This surface can be used not only for
scattering calculations but also for calculating pressure broad-
ening and shifting coefficients and for bound states calcula-
tions. When experimental line lists or bound states data become
available, it will be possible to test the accuracy of the PES.
In the present paper, we provide the rotational de-
excitation rate coefficients for the lowest 20 rotational levels of
HCS+ between 5 K and 100 K. The comparison with previous
results9 displays differences of up to a factor of 2.5 for the
strongest ∆ j = 1 transitions. These differences are attributed
to a small extent to the quality of the scattering calculations,
and to a large extent to the quality of the ab initio calculations.
These large differences suggest that astrophysical analysis
of spectra should be revisited in the light of the new rate
coefficients. The full set of rate coefficients will be available
on the BASECOL database.10
The HCS+–H2 potential energy surface is currently being
calculated in order to obtain rate coefficients using similar
methodologies, since the H2 molecule is the other important
perturber in the interstellar medium in a similar temperature
range.
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